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Abstract
In R-parity violating supersymmetry, the gravitino as the lightest supersymmetric
particle (LSP) is a good candidate for dark matter, with the interesting characteristic
to be detectable through γ-ray telescopes. We extend this analysis considering an
axino next-to-LSP (NLSP) as a coexisting dark matter particle contributing with a
detectable signal in the γ-ray spectrum. The analysis is carried out in the framework
of the µνSSM, which solves the µ problem reproducing simultaneously neutrino data
only with the addition of right-handed neutrinos. We find that important regions
of the parameter space can be tested by future MeV-GeV γ-ray telescopes through
the line signal coming from the decay of the axino NLSP into photon-neutrino. In
a special region, a double-line signal from axino NLSP and gravitino LSP is possible
with both contributions detectable.
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1 Introduction
Gravitino (ψ3/2) as the lightest supersymmetric particle (LSP) or axino (a˜) LSP are inter-
esting candidates for dark matter (DM) in the framework of supersymmetry (SUSY). In
addition, in SUSY models where there is R-parity violation (RPV) these particles decay
with a lifetime longer than the age of the Universe, producing a line signal potentially
detectable in γ-ray telescopes. This was analyzed for the gravitino LSP in Refs. [1–11] in
the context of bilinear/trilinear RPV models [12], and in Refs. [13–16] in the ‘µ from ν’
supersymmetric standard model (µνSSM) [17]. Similar analyses for axino LSP in bilin-
ear/trilinear RPV models were carried out in Refs. [18–27].
In a recent work [28], we analyzed a multicomponent DM scenario with axino LSP and
gravitino next-to-LSP (NLSP). This is a decaying dark matter (DDM) scenario, where the
gravitino in addition to the RPV decay channel into photon-neutrino, also undergoes an
R-parity conserving (RPC) decay into axion-axino. The analysis was carried out in the
framework of the µνSSM, where couplings involving right-handed neutrinos are introduced
solving the µ-problem and reproducing simultaneously the neutrino data [17,29–32]. A brief
discussion and bibliography about the interesting phenomenology associated to the µνSSM,
can be found in Ref. [28], where it was shown that significant regions of the parameter space
of the model can be probed through a line signal coming from the axino decay. A double-
line signal as smoking gun through the further contribution of the gravitino decay is also
possible in a subset of those regions.
Here we want to extend our previous work, analyzing the opposite DDM scenario where
the gravitino is the LSP and the axino the NLSP. Their masses, although model dependent
can be of the same order or several orders of magnitude different in realistic scenarios [33–
37] such as in supergravity. Therefore, if the gravitino is the LSP the axino becomes
naturally the NLSP. As a consequence, the axino decays into the gravitino plus an axion.
In this not yet explored RPV scenario, we will study its cosmological properties as well
as the associated γ-ray constraints on spectral lines coming from current detectors such as
2
Fermi -LAT, and prospects for future γ-ray space missions such as e-ASTROGAM [38] and
AMEGO [39]. Let us finally remark that, unlike RPC models, in the presence of RPV there
is no gravitino problem, since the heavier SUSY particles decay to standard model particles
much earlier than BBN epoch via RPV interactions. Related to this, in the following we
will assume that the properties of the bosonic superpartner of the axion, the saxion, are
appropriate not to spoil BBN predictions (see e.g. Refs. [40, 41]).
The paper is organized as follows. In Section 2, first we briefly review the simple scenario
with gravitino as LSP. In second place, we discuss the multicomponent DDM scenario with
the axino as the NLSP. We will show the axino NLSP decay rates into photon plus neutrino
and into gravitino LSP plus axion, and its contribution to the relic density. Then, we will
compute the γ-ray flux produced in this scenario. Armed with these results, in Section 3
we will show exclusion limits and prospects for detection under the assumption of decaying
gravitino LSP plus axino NLSP. This scenario is fully explored along with its parameter
space allowed by cosmological observations such as dark radiation constraints. Finally,
we will present the γ-ray measurements by current detectors employed to probe RPV
SUSY parameter space region, focusing on the µνSSM, and we will discuss the prospect
for detection in the case of the proposed e-ASTROGAM instrument. The conclusions are
left for Section 4.
2 Gravitino LSP and axino NLSP as dark matter
In the framework of supergravity, both gravitino and axino have in the Lagrangian an in-
teraction term with the photon and the photino. In the presence of RPV, photinos and
left-handed neutrinos are mixed in the neutral fermion mass matrix, and therefore the grav-
itino LSP, as well as the axino NLSP, are able to decay into photon and neutrino through
this interaction term. This has significant implications because the signals are sharp γ-ray
lines with energies m3/2/2 and ma˜/2, that could be detected in γ-ray satellite experiments
such as Fermi -LAT, or future MeV-GeV telescopes as the proposed e-ASTROGAM 1. In
addition, the axino NLSP can decay into gravitino LSP and axion. We will study in the
next subsections the implications of this scenario for DM and its detectability, reviewing
first the gravitino LSP decay.
Concerning the gravitino mass, let us point out that in supergravity models it is related
to the mechanism of SUSY breaking. In particular, in gravity-mediated SUSY breaking
models, where the soft scalar masses are typically determined by the gravitino mass, it is
sensible to expect the latter in the range GeV-TeV [44], i.e. around the electroweak scale.
However, specific Kahler potentials and/or superpotentials of the supergravity theory could
allow for different situations, producing gravitinos with masses several orders of magnitude
smaller than the electroweak scale. This is e.g. the case of no-scale supergravity models,
where the gravitino mass is decoupled from the rest of the SUSY particle spectrum, and
hence is possible to assign for it a mass much smaller than the electroweak scale [45].
1The flux of monochromatic neutrinos in RPV models could be in principle observed in neutrino de-
tectors [42]. In the energy range MeV−GeV of interest for this work, the best limits on DM decay into
neutrinos correspond to the Super-Kamiokande detector [43]. However, it is straightforward to check that
they are about five orders of magnitude weaker compared to searches with the same targets using γ-rays.
Thus we concentrate on γ-ray line searches throughout this work.
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Alternatively, very small gravitino masses with respect to the electroweak scale are obtained
in gauge-mediated SUSY breaking models [46]. Also, e.g. in F-theory GUTs with the latter
SUSY breaking mechanism working, one can obtain a gravitino mass of about 10 − 100
MeV [47]. Given the model dependence of the gravitino mass, we consider appropriate for
our phenomenological work below not to choose a specific underlying supergravity model,
and treat the mass as a free parameter.
2.1 Gravitino LSP decay
Gravitino decay width into photon-neutrino through RPV couplings is given by [1, 48]:
Γ(ψ3/2 → γνi) ≃
m33/2
32πM2P
|Uγ˜ν |
2 , (1)
where Γ(ψ3/2 → γνi) denotes a sum of the partial decay widths into γνi and γνi, m3/2 is
the gravitino mass, MP ≈ 2.43 × 10
18 GeV is the reduced Planck mass, and the mixing
parameter |Uγ˜ν | determines the photino content of the neutrino,
|Uγ˜ν |
2 =
3∑
i=1
|Ni1 cos θW +Ni2 sin θW |
2 . (2)
Here Ni1(Ni2) is the bino (wino) component of the i-th neutrino, and θW is the weak mixing
angle. As obtained in Refs. [13, 16], performing scans in the low-energy parameters of the
µνSSM in order to reproduce the observed neutrino masses and mixing angles, natural
values of |Uγ˜ν | are in the range
10−8 . |Uγ˜ν | . 10
−6 , (3)
although relaxing some of the assumptions such as an approximate GUT relation for gaug-
ino masses and/or TeV scales, the lower bound can be smaller:
10−10 . |Uγ˜ν | . 10
−6 . (4)
As we can see in Eq. (1), the gravitino decay is suppressed both by the small RPV mixing
parameter |Uγ˜ν |, and by the scale of the gravitational interaction, making its lifetime much
longer than the age of the Universe τ3/2 ≫ ttoday ∼ 10
17 s, with
τ3/2 = Γ
−1(ψ3/2 → γνi) ≃ 3.8× 10
33 s
(
10−8
|Uγ˜ν |
)2(
0.1GeV
m3/2
)3
. (5)
2.2 Axino NLSP decays
Axino partial decay width into photon-neutrino through RPV couplings satisfies [49]:
Γ(a˜→ γνi) ≃
m3a˜
128π3f 2a
α2emC
2
aγγ |Uγ˜ν |
2 , (6)
4
where Γ(a˜ → γνi) denotes a sum of the partial decay widths into γνi and γνi, ma˜ is the
axino mass, Caγγ is a model dependent constant of order unity, αem = e
2/4π, and fa is
the Peccei-Quinn (PQ) scale. This is the dominant decay for an axino LSP in the context
of the µνSSM [28], and is suppressed both by the small RPV parameter |Uγ˜ν | and by the
large PQ scale fa & 10
9 GeV as obtainted from the observation of SN1987A [33]. It is
worth noticing here that in comparison with Eq. (1), Γ(a˜ → γνi) > Γ(ψ3/2 → γνi) since
fa < MP , and ma˜ > m3/2 for the case we are interested in this work with axino NLSP and
gravitino LSP. We can also compare Eq. (5) with
Γ−1(a˜→ γνi) ≃ 3.8× 10
25 s
(
fa
1013GeV
)2(
10−8
|Uγ˜ν |
)2(
1GeV
ma˜
)3
, (7)
where to write this equation we have assumed Caγγ = 1.
Since in the framework of supergravity the axino has an interaction term with gravitino
and axion, we have also to consider this RPC partial decay width [41]
Γ(a˜→ ψ3/2 a) ≃
m5a˜
96πm23/2M
2
P
(1− r3/2)
2(1− r23/2)
3, (8)
where the axion mass has been neglected, and
r3/2 ≡
m3/2
ma˜
. (9)
Clearly, this decay width dominates over the one in Eq. (6), and therefore the axino lifetime
can be approximated as
τa˜ ≃ Γ
−1
(
a˜→ ψ3/2 a
)
≃ 1.18× 1013s
( m3/2
0.1 GeV
)2 (1 GeV
ma˜
)5
, (10)
where to write the second equality we have neglected the contribution of r3/2 in Eq. (8)
which is valid when m3/2 ≪ ma˜.
2.3 Relic density for multicomponent dark matter
Unlike the gravitino whose lifetime is much longer than the age of the Universe, the axino
has a smaller lifetime as shown in the previous subsection, and thus one has to consider
that its density changes in time with the result
Ωa˜h
2 = ΩTPa˜ h
2e−(ttoday−t0)/τa˜ , (11)
where t0 is the time when the axinos are thermally produced, and Ω
TP
a˜ h
2 corresponds to
the would-be axino NLSP relic density if it were stable and would not undergo through
the decay process. This relic density depends heavily on the axion model considered. Here
we will work in the framework of the KSVZ model 2 [52, 53], where the axino production
2The case for axino LSP as the only DM component was discussed in Ref. [28] for the KSVZ and
DFSZ [50, 51] axion models. In the DFSZ framework, the axino production is dominated by the axino-
Higgs-higgsino and/or the axino-quark-squark interactions, and its relic density turns out to be in a good
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is dominated by the scatterings of gluons and gluinos, thus its relic density from thermal
production is [54, 55]
ΩTPa˜ h
2 ≃ 0.3 (g3(TR))
4
(
F (g3(TR))
23
)( ma˜
1 GeV
)( TR
104 GeV
)(
1012 GeV
fa
)2
, (12)
where TR is the reheating temperature after inflation, g3 is the running SU(3) coupling,
the rate function F (g3(TR)) describes the axino production rate with F ≃ 24 − 21.5 for
TR ≃ 10
4−106 GeV [55]. For our numerical computation we will use F ≃ 23. Other values
will not change significantly the final results. Assuming the conservative limit TR & 10
4
GeV, an upper bound for ma˜ is obtained for each value of fa from the measured value of the
relic density by the Planck Collaboration [56] ΩPlanckcdm h
2 ≃ 0.12. For example, one obtains
ma˜ . 50, 0.5, 0.005 GeV for fa = 10
13, 1012, 1011 GeV, respectively.
To compute now the gravitino relic density, we need to consider thermal and non-
thermal production mechanisms. The latter, in our multicomponent scenario, is related to
the decay of the axino NLSP. Taking all the above into account, the density for gravitino
LSP is given by:
Ω3/2h
2 = ΩTP3/2h
2 + ΩNTP3/2 h
2, (13)
where
ΩNTP3/2 h
2 = r3/2Ω
TP
a˜ h
2 (1− e−(ttoday−t0)/τa˜), (14)
and [57, 58]:
ΩTP3/2h
2 ≃ 0.02
(
TR
105 GeV
)(
1 GeV
m3/2
)(
M3(TR)
3 TeV
)2(
γ/(T 6R/M
2
P )
0.4
)
. (15)
Here M3(TR) is the running gluino mass, and the last factor parametrizes the effective
production rate ranging γ(TR)/(T
6
R/M
2
P ) ≃ 0.4 − 0.35 for TR ≃ 10
4 − 106 GeV [58]. For
our numerical computation we will use M3(TR) ≃ 3 TeV and γ(TR)/(T
6
R/M
2
P ) ≃ 0.4. Other
values will not modify significantly our results. Assuming as before TR & 10
4 GeV, a lower
limit for the gravitino mass is obtained, m3/2 & 0.017 GeV. Since the gravitino is the LSP,
note that this limit is not compatible with the bound for the axino NLSP mass ma˜ . 0.005
GeV corresponding to fa = 10
11 GeV, thus we will work with fa ≥ 10
12 GeV.
Obviously, if τa˜ ≪ ttoday , we get the usual relations [59–61]
Ωa˜h
2 ≃ 0, (16)
Ω3/2h
2 ≃ ΩTP3/2h
2 + r3/2 Ω
TP
a˜ h
2. (17)
To continue we must address the axion production. Topological defects known as cosmic
approximation independent of the reheating temperature TR, unlike the KSVZ model (see Eq.(12)). How-
ever, the axino decay into photon plus neutrino and gravitino plus axion is model independent. In Ref. [28],
one can see that the DFSZ allowed region represents a subset of the KSVZ region, as expected, since the
former model has one less degree of freedom, TR, in order to obtain the correct relic density. Therefore,
this work will be focused on the KSVZ model to explore axino DM with a broad approach.
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strings and domain walls can appear in models with axions arising from the breaking of a
U(1) symmetry [62,63]. The decay of these defects could be an important source of axions.
Nevertheless, as we consider fa > TR, the PQ symmetry is broken before the end of inflation
and therefore we assume that the contributions from topological defects are diluted away
during inflation. Then, the relevant contributions come from the misalignment mechanism
and the axino NLSP decay. For the former production, the axion cold DM relic density
can be accounted by [63–65]
Ωah
2 ≃ 0.18θ2i
(
fa
1012 GeV
)1.19
, (18)
where θi is the initial misalignment angle. Since we are interested in studying scenarios with
axino-gravitino as the only two components of the DM, we can set the axion primordial
relic negligible choosing an appropriated value for θi if needed, i.e. when fa >∼ 10
12 GeV.
Nevertheless, it would be convenient to work with the upper bound fa ≤ 10
13 GeV to avoid
too much tuning.
Taking all the above discussions into account, throughout this work we will adopt the
following range for the PQ scale:
1012 ≤ fa ≤ 10
13 GeV. (19)
On the other hand, the axions produced by the axino NLSP decay will constitute ‘dark
radiation’, i.e., ultrarelativistic and invisible species with respect to the cold DM measured
by Planck. The amount of dark radiation is under stringent constraints [66–70], and as a
consequence it gives a small contribution to the total DM density. A quantity that will
be useful along this work to compare with the experimental bounds, is the fraction of the
axino NLSP that decays into dark radiation. For that we can define
fDRddm = fa˜
(
1− r3/2
)
, (20)
with
fa˜ =
ΩTPa˜
ΩPlanckcdm
(21)
as the axino NLSP fraction. The subscript ddm denotes decaying dark matter, and DR
stands for dark radiation. Note that fDRddm represents the total cold DM that could be
transferred into radiation, i.e. the amount of axino that would not produce non-thermal
gravitinos, assuming that all the axinos have already decayed, fDRddm =
ΩTPa˜ h
2
−ΩNTP
3/2
h2
ΩPlanckcdm
, with
ΩNTP3/2 h
2 = r3/2Ω
TP
a˜ h
2 as in Eq. (17).
It is worth mentioning the following:
• Planck obtains ΩPlanckcdm h
2 ≃ 0.12 today from measurements at recombination time
using the standard ΛCDM model. We are working with decaying DM, so the cold
DM density has a time dependence due to the fact that some of the axino NLSP
energy density is ‘lost’ as dark radiation. Nevertheless, the latter quantity has to be
small, as discussed above.
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• Decaying DM and its fraction to dark radiation, fDRddm, refers to the contribution of
the mentioned decay of axino NLSP into gravitino LSP plus axion, not to be confused
with the decays of axino NLSP and gravitino LSP into photon plus neutrino.
Let us finally point out that due to the axion-photon mixing, the axions emitted from
the axino decay can be converted into photons in the presence of a magnetic field, po-
tentially producing a signal. In Ref. [71], the authors studied possible signatures, for two
decaying DM scenarios with axion and axion-like particles (ALPs) as dark radiation. They
compared the expected photon flux considering the Galactic magnetic field with the ob-
served diffuse γ-ray flux by Fermi–LAT. Although, the axion (and the ALP) to photon
conversion probability depends on the DM profile and the Galactic magnetic field profile,
for a QCD axion (as in our case), they found that the conversion probability is too small
to be observed.
2.4 γ-ray flux from gravitino and axino decays
The differential flux of γ rays from DM decay in the Galactic halo is calculated by inte-
grating its distribution around us along the line of sight:
dΦhaloγ
dEdΩ
=
1
4 π τDM mDM
dN totalγ
dE
1
∆Ω
∫
∆Ω
cos b db dℓ
∫
∞
0
ds ρhalo(r(s, b, ℓ)) , (22)
where τDM, mDM are the lifetime and mass of the DM particle respectively,
dNtotalγ
dE
is the
total number of photons produced in a DM decay, ∆Ω is the region of interest (ROI), i.e.
the region of the sky we are studying, b and ℓ denote the Galactic latitude and longitude,
respectively, and s the distance from the Solar System. The radius r in the DM halo density
profile of the Milky Way, ρhalo, is expressed in terms of these Galactic coordinates.
The constraints to the γ-ray emission from DM decay are usually presented as lower
limits to the particle lifetime, considering that the DM is composed by only one particle
species. If gravitino and axino coexist, being one the LSP an the other the NLSP, respec-
tively, both candidates can be sources of γ-ray radiation. As discussed recently in Ref. [28],
in a multicomponent scenario it is useful to assume an effective lifetime to normalize the
signal considering that a specific source is a fraction of ΩPlanckcdm . Assuming that the distribu-
tion of each species is homogeneous along the DM distribution, for the i-th DM component
we can define
τDMi-eff = f
−1
DMi
τDMi, with fDMi =
ΩDMi
ΩPlanckcdm
, (23)
where fDMi is the i-th DM component fraction, τDMi is the inverse of the decay width to
photons, and the effective lifetime τDMi-eff can be tested against the lower limit reported by
the experimental collaborations.
However, we cannot apply straightforwardly the above formulas to our multicomponent
DDM scenario made of gravitino LSP (DM1) and axino NLSP (DM2). The reason is that
their fractions change in time due to axino decay into gravitino, so taking into account
Eqs. (11) and (13), we must do the following replacements in Eq. (23) for axino and
gravitino respectively:
fDM2 → fa˜ e
−(ttoday−t0)/τa˜ , (24)
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fDM1 → f3/2 + r3/2 fa˜
(
1− e−(ttoday−t0)/τa˜
)
, (25)
with fa˜ given by Eq. (32) and
f3/2 =
ΩTP3/2
ΩPlanckcdm
. (26)
As expected, if axino NLSP decay into gravitino LSP plus axion is not allowed, one gets
the same result as in Eq. (23).
Finally, in a same fashion stated before, it is easier for the analysis to consider an
effective lifetime in our multicomponent DDM scenario. Thus Eq. (23) becomes
τa˜-eff =
(
fa˜ e
−(ttoday−t0)/τa˜
)−1
Γ−1 (a˜→ γνi) , (27)
τ3/2-eff =
[
f3/2 + r3/2 fa˜
(
1− e−(ttoday−t0)/τa˜
)]−1
Γ−1
(
ψ3/2 → γνi
)
. (28)
It is now straightforward to apply the analyses of these Subsections to study the current
constraints on the parameter space of our scenario, as well as the prospects for its detection.
For simplicity, in what follows we will use t0 = 0 for the computation.
3 Results
3.1 Constraints from cosmological observations
To analyze the regions of the parameter space that can satisfy the current experimental
constraints on DDM models, similar as in Ref. [28] we show TR versus ma˜ for a fixed
r3/2 = 0.75 in Fig. 1. The left panel corresponds to the PQ scale fa = 10
12 GeV, whereas
the right panel to fa = 10
13 GeV. We will also remark some differences with the results of
Ref. [28], where the opposite situation, axino LSP and gravitino NLSP was analyzed.
The blue lines show points of the parameter space with Ω3/2h
2 +Ωa˜h
2 fulfilling Planck
observations at recombination era. The regions above the blue lines are excluded by over-
production of cold DM. The region below them could be allowed if we assume a third DM
contribution, but for simplicity we will focus on values of the parameters fulfilling the blue
contours. On the other hand, the orange dashed lines correspond to different values of the
axino NLSP fraction fa˜.
The magenta regions in both panels are excluded by cosmological observations for DDM
models [66–70], taking into account the stringent constraints on the fraction of axino NLSP
relic density that decays to dark radiation, fDMddm. The bounds considered are taken from
Ref. [66] at 95% CL,
fDMddm Γ(a˜→ ψ3/2 a) < 15.9× 10
−3 Gyr−1 if τa˜ > ttoday , (29)
fDMddm < 0.042 if ttoday > τa˜ > trec, (30)
where trec denotes the recombination time. Constraints for DDM with shorter lifetimes can
be found in Fig. 5 of that work. We derive the excluded regions for our model using a grid
of values of ma˜ and TR. If ttoday > τa˜ > trec, the f
DM
ddm upper limit translates into an upper
limit on fa˜, for a fixed r3/2, according to Eq. (20). This can be seen in the right panel of
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Figure 1: Constraints on the reheating temperature versus the axino NLSP mass for the
multicomponent DDM scenario with gravitino LSP, and a mass relation r3/2 = 0.75. Blue
lines corresponds to points with Ω3/2h
2 + Ωa˜h
2 equal to ΩPlanckcdm h
2 at recombination era
in agreement with Planck observations, for two values of the PQ scale fa = 10
12 GeV
(left panel) and 1013 GeV (right panel). The regions above the blue lines are excluded by
overproduction of cold DM. The magenta region is excluded by cosmological observations
for DDM models [66–70], considering bounds on fDMddm. Orange dashed lines correspond to
the axino NLSP fractions fa˜ = 0.5, 0.25, 0.1, 0.05. The upper bounds ma˜ . 0.5, 50 GeV in
left and right panels, respectively, are obtained from Eq. (12) assuming the conservative
limit TR & 10
4 GeV.
Fig. 1 for ma˜ & 0.6 GeV. For axino decaying after the present era, the experimental bound
cannot be expressed as a constant upper limit on fa˜, as it involves the product of f
DM
ddm and
Γ(a˜→ ψ3/2 a). This can be seen in the left panel of Fig. 1 for ma˜ < 0.6 GeV, but note that
the blue line is not affected by this bound.
Note that unlike Ref. [28] for the axino LSP case, where we can show for a given ra˜
several blue lines, corresponding to different values of fa, with the corresponding DDM
excluded region, here we cannot do the same for a given r3/2. The reason being that the
axino thermal relic density, Eq. (12), depends on the PQ scale, and therefore the DDM
constraints change when we change the axino relic density fraction fa˜.
Another important difference is that here for higher LSP masses, the NLSP relic density
increases. However, in the case discussed in Ref. [28], for higher LSP masses the NLSP
relic density decreases. This modifies the shape of the DDM exclusion region, because the
NLSP decay is the source of the ultrarelativistic particles. The left panel of Fig. 1 depicts
a long-lived axino (the axino decay into gravitino plus axion takes place after the present
era), whereas the right panel an intermediate-lived axino (the decay takes place between
recombination and the present era).
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Figure 2: Constraints on the effective lifetime versus the axino NLSP mass (left panel)
and the gravitino LSP mass (right panel). The γ-ray signals for the axino and gravitino
decays are analyzed separately in left and right panels, respectively. The grey region below
the black solid line is excluded by line searches in the Galactic halo by COMPTEL [72]
(leftmost limit) and Fermi -LAT [73] (rightmost limit) at 95% CL. The region below the
upper (lower) black dashed line could be probed by e-ASTROGAM [38] with observations
of a ROI of 10o×10o around the Galactic center, assuming Einasto B (Burkert) DM profile.
The orange solid lines correspond to the predictions of the µνSSM for several representative
values of |Uγ˜ν |. The lower bound m3/2 & 0.017 GeV is obtained from Eq. (15) assuming
the conservative limit TR & 10
4 GeV. The magenta region is excluded by cosmological
observations for DDM models [66–70], considering the bound on fDRddm.
3.2 Constraints from γ-ray observations and prospects for detec-
tion
To analyze the effect on γ-ray searches of axino NLSP decaying into gravitino LSP, in
Fig. 2 we show the effective lifetime versus the DM candidate mass for one example of
the parameter region, fa = 10
13 GeV and r3/2 = 0.5, where a double-line signal could
be detected. The left (right) panel shows the limits on the parameter space considering
the line produced by axino NLSP (gravitino LSP) decaying into γν. Thus the two panels
correspond to the same DDM scenario, and the constraints obtained from both of them
have to be taken into account for each point of the parameter space.
The magenta regions are excluded by cosmological observations concerning dark ra-
diation. The grey regions below the black solid lines are excluded by line searches by
COMPTEL [72] and Fermi -LAT [73] at 95% CL. The black dashed lines correspond to
the projected e-ASTROGAM sensitivity [38]. To estimate the bounds, we have considered
the following DM profiles for the observations of a ROI of 10o×10o around the Galactic
center: NFW [74], Moore [75], Einasto [76,77], Einasto B [78] and Burkert [79]. In partic-
ular, Einasto B (Burkert) is the most (least) stringent and corresponds in the figure to the
upper (lower) dashed line. More details about the computation of the expected sensitivity
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of e-ASTROGAM to DM decay to photons, can be found in Appendix A.
Using the results from previous subsections, we also show in Fig. 2 with orange solid
lines the values of the parameters predicted by the µνSSM for several representative values
of |Uγ˜ν |. Let us remark that the points between the orange curves reproduce the correct relic
density as a combination of axinos and gravitinos, for different values of TR, as discussed
in Fig. 1. In the left panel, which represents the limits considering the line produced only
by the axino NLSP decaying into γν, we can see the effect of the reduction of the axino
relic density due to its decay into the gravitino LSP for ma˜ & 0.2 GeV, as can be deduced
from Eq. (27). The right panel considers the same parameter space, but analyzing the
line produced by the gravitino LSP decaying into γν. This case has a larger effective
lifetime with respect to the case with only gravitino DM [13,15,16], due to the non-thermal
contribution discussed.
As we can see in the figure, significant regions below the dashed lines could be probed.
This is specially true thanks to the line signal coming from the axino NLSP for 0.04 <∼ ma˜ <∼ 0.5
GeV and 10−8 < |Uγ˜ν | ≤ 10
−6 (see the left panel). Moreover, for this example there is also
a narrow region in the right panel corresponding to a detectable line signal coming from the
gravitino LSP, for 0.15 <∼ m3/2 <∼ 0.25 GeV and |Uγ˜ν | ≈ 10
−6. Given the parameter used in
the figure, r3/2 = 0.5, this gravitino mass range corresponds to axino masses 0.3 <∼ ma˜ <∼ 0.5
GeV, which are embedded in the range producing a line signal from axino, thus we expect
a detectable double line as an overwhelming smoking gun of this parameter region.
To carry out now the complete analysis of the allowed parameter space, form3/2 & 0.017
GeV we have performed a scan over the ranges: 1.05 m3/2 <∼ ma˜ <∼ 50, 0.5 GeV for fa =
1013, 1012 GeV, respectively, taking into account that axino is always heavier than gravitino
and the bounds on their masses discussed below Eqs. (12) and (15). The result is shown
in Fig. 3, where the γ-ray signals from axino and gravitino decays are analyzed separately
in the left and right panels, respectively. Green and blue regions correspond to points that
could be probed with the projected sensitivity of e-ASTROGAM assuming a NFW profile,
for different values of the photino-neutrino mixing parameter |Uγ˜ν |. In particular, the green
points corresponds to the most natural range of |Uγ˜ν | as discussed in Eq. (3). It is worth
mentioning here that this range includes the typical parameter space that can reproduce
the observed neutrino physics in bilinear RPV models, thus the constraints obtained also
apply to those models.
As we can see in the figure, for values of r3/2 close to 1, i.e. the upper border line, we
recover the allowed parameter space obtained in the work [28] with axino LSP and gravitino
NLSP if we consider now both gravitino LSP and axino NLSP effect. For fa = 10
13 GeV
(top panels) and 3 <∼ ma˜ <∼ 10 GeV, the excluded grey region is determined by the non-
observation of a γ-ray line coming from axino NLSP. The red points for 1 <∼ ma˜ <∼ 3 GeV
(top left panel), denote a region where a signal produced by axino NLSP is expected, but
it is only allowed for |Uγ˜ν | <∼ 10
−9, where the τa˜-eff is close to the current line constraints.
However, the latter mass range would not be probed by e-ASTROGAM, as the estimated
sensitivity used in this work lies below the lifetime lower limit set by Fermi -LAT.
Even though the DDM constraints for fDRddm become relaxed since τ
−1
a˜ ≃ Γ(a˜→ ψ3/2 a)→
0 when r3/2 → 1 (see Eq. (8)), the remaining effect concerning the γ-ray flux dominates:
the initial relic density fractions of the LSP and NSLP that do not change in time, as can
be seen from Eqs. (24) and (25), cannot be ignored. For the entire mass region, the initial
axino NLSP relic density is relevant, and its decay to photon-neutrino can give rise to a
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Figure 3: Constraints on the gravitino LSP mass versus the axino NLSP mass, with the
lower bound m3/2 & 0.017 GeV obtained from Eq. (15) assuming the conservative limit
TR & 10
4 GeV. The γ-ray signals from axino and gravitino decays are analyzed separately
in left and right panels, respectively, assuming a NFW profile. The grey region corresponds
to points excluded by line searches in the Galactic halo by COMPTEL [72] and Fermi -
LAT [73] at 95% CL. Blue and green regions correspond to points that could be probed by e-
ASTROGAM for the representative ranges 10−10 ≤ |Uγ˜ν | < 10
−8 and 10−8 ≤ |Uγ˜ν | ≤ 10
−6,
respectively, in the µνSSM. In the top left panel, the values in the border between regions
are labeled, and for the rest of the panels the labeling is the same. If the same point can be
probed in both panels, a double-line signal could be measured. The red region corresponds
to points disfavored to be tested by e-ASTROGAM. In the left panels, the black dashed
lines show different values of τa˜ ≃ Γ
−1(a˜→ ψ3/2 a) between 10
5 and 1021 s. All the points
shown satisfy Ω3/2h
2 + Ωa˜h
2 equal to ΩPlanckcdm h
2 at recombination era in agreement with
Planck observations, as well as DDM constraints for fDRddm.
signal and set constraints on the parameter space that otherwise would not exist considering
only the contribution from gravitino LSP.
From Fig. 3, we can conclude that a significant region of the parameter space of our
DDM scenario could be tested by next generation γ-ray telescopes. Similar to the case
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discussed in Ref. [28], where the axino (LSP) is the main source of the relevant photon
signal, here also the axino (NLSP) plays the same role as shown in the left panels, instead
of the gravitino LSP as one would expect naively. Note in this sense that the black dashed
lines in the left panels show us that this photon signal lies in the region of the parameter
space with τa˜ ≃ Γ
−1
(
a˜→ ψ3/2 a
)
> ttoday , and, on the other hand, the axino and gravitino
decay widths to photon-neutrino which are relevant quantities for the amount of photon
flux (see Eqs. (22), (27) and (28)) fulfills always Γ(a˜→ γνi) > Γ(ψ3/2 → γνi) as discussed
in Sect. 2.2. In particular, this detectable region is inside the following mass ranges: 20
MeV <∼ ma˜ <∼ 1 GeV and 17 MeV <∼ m3/2 <∼ 1 GeV.
According to this discussion, we also expect a line signal coming from the gravitino
LSP to be measured in a smaller region. This is actually the green region of the top
right panel corresponding fa = 10
13 GeV. It is inside the ranges 370 <∼ ma˜ <∼ 500 MeV and
180 <∼ m3/2 <∼ 250 MeV, with 0.45 <∼ r3/2 <∼ 0.55. Since this region is also probed with a
line from the axino NLSP, and the features from each candidate turn out to be located at
different enough energies to do not overlap (notice the values of r3/2), we expect that a
double-line signal could be measured as an overwhelming smoking gun. Note that this is
the same region already discussed in the example of Fig. 2.
Although in Fig. 3 we used the projected e-ASTROGAM sensitivity assuming a NFW
profile, we have checked that using a different DM profile, such as Einasto B, the de-
tectable parameter space is not essentially modified. For the latter profile, we expect a line
signal coming from the gravitino LSP inside the mass ranges 320 <∼ ma˜ <∼ 500 MeV and
150 <∼ m3/2 <∼ 250 MeV, for fa = 10
13 GeV.
Finally, we would like to point out that we have adopted in this work a conservative
approach, using a projected sensitivity for e-ASTROGAM that is far to be optimized for
our DDM scenario. The results presented here probe that the experiment is going to be
capable to explore the multicomponent DM scenario, including the possibility to detect a
double-line signal. Nevertheless, the region where this happens could improve significantly
compared to the one shown here if for instance we used a ROI more efficient for decay
processes such as a region of the Galactic halo, as discussed in Appendix A.
4 Conclusions
In this work, we have analyzed a mixture of gravitino and axino particles as DM, extending
a previous work on the subject of multicomponent DM in RPV SUSY [28]. Now we have
studied the scenario of gravitino LSP with axino NLSP. In this context of DDM, we have
found that this combination of particles can reproduce the accumulated DM evidence,
avoiding cosmological problems.
In the context of the µνSSM, we have analyzed the possibility of an axino NLSP having
a RPC partial decay width into gravitino LSP plus axion, in addition to the RPV partial
decay width into photon plus neutrino. The latter decay also occurs for the gravitino LSP,
with a lifetime typically much longer than the age of the Universe due to the small values
of neutrino Yukawas in the generalized electroweak-scale seesaw of the µνSSM. If the axino
and the gravitino coexist, both DM particles can be sources of γ-ray radiation.
The corresponding relic density has been discussed, and assuming a conservative lower
bound on the reheating temperature of TR >∼ 10
4 GeV an upper bound on the axino mass
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of ma˜ <∼ 50 GeV was obtained, as well as a lower bound on the gravitino mass of m3/2 >∼ 17
MeV. We have also found the regions of the parameter space excluded by cosmological
observations, considering the stringent constraints on the fraction of the axino NLSP relic
density that decays to dark radiation (see Fig. 1).
Then, we have studied the γ-ray flux produced in this DDM scenario of the µνSSM,
finding that a significant region of the parameter space could be tested by e-ASTROGAM
searching in a ROI around the Galactic center. In particular, this region is inside the
mass ranges 20 MeV <∼ ma˜ <∼ 1 GeV and 17 MeV <∼ m3/2 <∼ 1 GeV. This is specially true
thanks to the line signal coming from the axino NLSP decay (see the left panels of Fig. 3),
instead of a signal produced by the LSP, as one would expect. This has a huge impact,
allowing us to probe scenarios with gravitino LSP and m3/2 <∼ 1 GeV that otherwise would
not produce a detectable signal by near future experiments. Naturally, the axino NLSP
signature is obtained when τa˜ ≃ Γ
−1
(
a˜→ ψ3/2 a
)
> ttoday .
Additionally, a signal coming from the gravitino LSP could be measured in a smaller
region of the parameter space for fa = 10
13 GeV inside the mass ranges 370 <∼ ma˜ <∼ 500
MeV and 180 <∼ m3/2 <∼ 250 MeV (see the top right panel of Fig. 3). In this case, a double-
line signal from the axino and gravitino decays could be measured as an overwhelming
smoking gun. Let us remark in this sense that this double-line signal is different in energies
from the one obtained for the opposite case with gravitino NLSP and axino LSP in Ref. [28].
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A Sensitivity of e-ASTROGAM to DM decay to pho-
tons
The e-ASTROGAM collaboration has presented limits on DM annihilation [38, 80]. To
study the expected sensitivity of e-ASTROGAM to DM decay to photons we must convert
the limits on DM annihilation. Here we show how to carry it out.
The differential flux of γ rays in the Galactic halo can be written as
dΦhaloγ
dEdΩ
=
r⊙ Γ
4 π
(
ρ⊙
mDM
)α dN totalγ
dE
1
∆Ω
∫
∆Ω
cos b db dℓ
∫
∞
0
ds
r⊙
(
ρhalo(r(s, b, ℓ))
ρ⊙
)α
, (31)
where α = 1 (α = 2) corresponds to DM decay (annihilation). The definition of several of
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Figure 4: e-ASTROGAM projected lower limits on DM decay to γν for several DM density
profiles as indicated in the figure, converting the limits on DM annihilation to γγ [38]
obtained with a ROI of 10o×10o around the Galactic center. The grey region below the
black solid line is excluded by line searches in the Galactic halo by COMPTEL [72] (leftmost
limit) and Fermi -LAT [73] (rightmost limit) at 95% CL.
the parameters of Eq. (31) can be found in the discussion of Eq. (22), where the differential
flux for the case of decay was studied. From Eq. (31), we can identify three important
contributions:
• The DM interaction rate denoted by Γ. For DM decay, Γ = 1/τDM . For DM anni-
hilation, Γ = a 〈σv〉, with 〈σv〉 the velocity-averaged annihilation cross section, and
a = 1/2 (1/4) if DM is (is not) self conjugated.
• The photon energy spectrum denoted by
dNtotalγ
dE
= N
(α)
γ δ(E − Eγ), where N
(α)
γ is
the number of photons produced in a single process. For DM decay (annihilation),
Eγ = mDM/2 (Eγ = mDM) and we denote N
(1)
γ = N
(dec)
γ (N
(2)
γ = N
(ann)
γ ).
• The astrophysical part, i.e. the integral over ρhalo raised to the power α along the line
of sight divided by ∆Ω. For DM decay (annihilation), this is called the D (J)-factor.
ρ⊙ denotes the DM density at the location of the Sun r⊙, and both parameters are
included to make the D- and J-factors dimensionless.
The constraints from γ-ray searches considering DM decay (annihilation) are usually
presented as lower limits (upper limits) to the particle lifetime (velocity-averaged anni-
hilation cross section) as a function of the DM mass. Also, the bounds are quoted for
observations over a specific ROI, i.e. a particular D-factor (J-factor).
Note that the signal that can be measured is the same for both processes, decay and
annihilation, i.e. a monochromatic γ-ray line. The only difference is that a spectrum with
the same energy corresponds to different DM masses. Then, lifetime lower limits and cross-
section upper limits can be obtained from the spectral line flux upper limits, as explicitly
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DM profile rs (kpc) ρs (GeV/cm
3) D-factor J-factor
NFW 24.42 0.184 11.8 174
Moore 30.28 0.105 14.0 -
Einasto 28.44 0.033 14.1 -
Einasto B 35.24 0.021 19.0 -
Burkert 12.67 0.712 4.44 -
Table 1: Values of the parameters rs and ρs for the profiles given in Eq. (33), and the
corresponding D-factors (and J-factor for the NFW case) for a ROI of 10o×10o around the
Galactic center (|b| < 5o and |ℓ| < 5o) with ∆Ω = 0.03 steradians, from Ref. [82].
shown in Ref. [81]. Similarly, we can relate the lower limits on τDM for DM decay to
photons to the upper limits on 〈σv〉 for DM annihilation to photons (or vice-versa), for the
same ROI, as
τDM [mDM ]→
1
4 a ρ⊙
mDM
〈σv〉[mDM/2]
N
(dec)
γ
N
(ann)
γ
D-factor
J-factor
, (32)
where the notation τDM [mDM ] and 〈σv〉[mDM/2] implies that the bound on the lifetime
corresponding to a DM particle with mass mDM is related to the bound on the annihilation
cross section corresponding to a DM particle with mass mDM/2.
Taking into account all the aforementioned, in Fig. 4 we show the e-ASTROGAM sen-
sitivity for DM decay to a photon plus a second neutral particle (N
(dec)
γ = 1), considering
the upper limits on 〈σv〉 to a pair of photons presented by the e-ASTROGAM collabora-
tion [38, 80] with a = 1/2 and N
(ann)
γ = 2. Several DM density profiles were used in the
computation: NFW [74], Moore [75], Einasto [76,77], Einasto B [78] and Burkert [79]. For
completeness, we show the functional forms of these profiles:
NFW: ρNFW(r) =
ρs
r
rs
(1+ rrs )
2 ,
Moore: ρMoo(r) =
ρs
( rrs )
1.16
(1+ rrs )
1.84 ,
Einasto: ρEin(r) = ρs exp
{
− 2
α
[(
r
rs
)α
− 1
]}
,
Burkert: ρBur(r) =
ρs
(1+ rrs )
(
1+( rrs )
2
) ,
(33)
where the Einasto (Einasto B) profile corresponds to α = 0.17 (α = 0.11). rs and ρs
represent typical scale radius and scale density, and the adopted values for each profile are
shown in Table 1. These values satisfy ρ⊙ = 0.3 GeV/cm
3 at r⊙ = 8.33 kpc [82].
The sensitivity of DM annihilation at 95% CL derived by the e-ASTROGAM collabo-
ration for DM annihilation [38, 80] considers a NFW profile, an effective observation time
of one year, and a ROI of 10o×10o around the Galactic center (|b| < 5o and |ℓ| < 5o). An
overview of the instrumental details can be found in Table 1 of Ref. [80]. We present the
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D-factors corresponding to that ROI in Table 1, for each DM profile [82]. Since the only
J-factor needed in our case is the one used to determine the annihilation projections, in
Table 1 we just show the NFW J-factor [82].
To conclude, let us point out that we have followed a conservative approach in this
computation, in the sense that we could have used a more efficient ROI for decay processes,
such as a region of the Galactic halo, optimizing therefore the signal-to-background ratio,
and as a consequence expecting a better performance. For example, in the region of the
Galactic halo with 60o < |b| < 90o one has ∆Ω = 1.68 and a D-factor of 1.77 for a NFW
profile, whereas for the ROI around the Galactic center we can see in Table 1 that the
D-factor is 11.8 but ∆Ω = 0.03. The ratio of the relevant product ∆Ω multiplied by the D-
factor gives 8.4. With this naive argument we expect in principle a better performance using
a ROI different from the one optimized for the annihilation analysis of e-ASTROGAM.
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